Free radical generation is an inevitable consequence of aerobic existence and is implicated in a wide variety of pathological conditions including cancer, cardiovascular disease, ageing and neurodegenerative disorder. Free radicals can, however, be used to our advantage since their production is catalysed by synthetic inorganic molecules--termed artificial metallonucleases--that cut DNA strands by oxidative cleavage reactions. Here, we report the rational design and DNA binding interactions of a novel di- 
INTRODUCTION
Reactive oxygen species (ROS) play an important role in human health and disease progression. They are endogenously produced by oxygen metabolism in the mitochondria and by several exogenous factors including ionizing radiation, redox metal ion overload, and therapeutic drug administration. DNA is susceptible to oxidation at nucleobases and also deoxyribose groups, leading to direct strand breakages (1) (2) (3) . Numerous oxidative DNA damage lesions are known and in order for the cell to avert the loss of genetic information, repair enzymes function to remove oxidative lesions to restore self-complementary base pairing (4) . But since genome integrity is crucial for cell survival, small molecules, natural products, and ionizing radiation are applied as therapeutic oxidants to trigger DNA damage and cell death.
Metal complexes of iron and copper catalyse oxidative DNA damage and significant interest is focused on developing new DNA-targeted metallodrugs with these ions (5) (6) (7) (8) (9) . Part of this interest stems from the clinical antitumoural antibiotic bleomycin, which is active against a range of lymphomas, germ-cell tumours and carcinomas of the head and neck (10) . Bleomycin catalyses double strand breaks (DSBs) by damaging C-4 sites of deoxyribose and its mode of action is dependent on coordinating transition metal ions (e.g. Fe 2+ ) where, in the presence of molecular oxygen, the redox active form of metallo-bleomycin is released (11) . Since DSBs are less readily repaired in-vivo, DNA damage by metallo-bleomycin correlates with its therapeutic effect. Copper complexes also promote ROS-mediated DNA damage with 1,10-phenanthroline (Phen) containing compounds (e.g. [Cu(Phen) 2 ] 2+ ; Cu-Phen) along with mixed chelate derivatives [Cu(Phen)(A-A )] + (A-A = aminoacetate; acetylacetonate; or dicarboxylates) showing clinical potential (12) (13) (14) (15) (16) (17) (18) (19) . Mononuclear Cu-Phen complexes are, however, considered promiscuous compared with metallobleomycins since their oxidative mechanism produces single strand breaks (SSBs) by attacking C-1 deoxyribose sites in the minor groove (7, (20) (21) (22) (23) (24) (25) . Nevertheless, AMNs can be directed to nucleic acid targets as elegantly demonstrated by Cowan et al. when an amino terminal copper/nickel (AT-CUN) binding peptide, conjugated to an acridine-based ligand, selectively degraded G-quadruplex telomeric DNA in the presence of copper ions (26) .
To develop new artificial metallo-nucleases (AMNs), researchers have focused on introducing two (or more) metal centres into complex scaffolds with particular interest centered on discovering nuclease mimetics that work in the absence of exogenous reductant--so called 'selfactivating' systems. Several poly-nuclear AMN classes have also shown enhanced DNA cleavage sensitivity together with high sequence selectivity. For example, dinuclear lanthanide Ce 4+ -EDTA and Ce 4+ -EDTP oligonucleotide conjugates (EDTA = ethylenediaminetetraacetic acid; EDTP = ethylenediaminetetrakis-(methylene-phosphonic acid)) were shown to selectively damage G-quadruplex and single stranded DNA targets (27) . A bi-metallic Zn 2+ polypyridyl complex Zn 2 -AmPy 4 (AmPy = 2-aminopyridine, Figure 1 ) was subsequently reported to tightly bind and catalytically cleave phosphodiester groups with remarkable efficiency (28) . In parallel, Karlin, Rokita and coworkers investigated di-and tri-Cu 2+ AMNs coordinated with poly-pyridyl ligands including a tri-nuclear copper AMN [Cu 3 (L)(H 2 O) 3 (NO 3 ) 2 ]NO 3 .2.5H 2 O (L = 2,2 ,2 -tris(dipicolylamino)triethyl-amine) with sequence bias at single and double stranded DNA junctions (29, 30 -bridge) was then reported, and although the same hairpin junction was not targeted, 3 overhangs were cleaved with higher nucleolytic effects when compared to Cu-Phen (31) . Later, this group showed that ligand design can switch DNA oxidation sensitivity from deoxyribose to guanine (32) and by modulating inter-metal distances, di-Cu 2+ pyridyl complexes were afforded excellent cleavage sensitivity (33) . In addition to these discoveries, it was recently shown that di-Cu 2+ Phen complexes containing bridging dicarboxylate ligands (e.g. [Cu 2 (μ-octanedioate)(Phen) 4 ] 2+ , trans-Cu-Oda, Figure 1 ) can discriminate TA/TA from AT/AT oligonucleotide steps and promote cytotoxicity through a combination of singlet oxygen and superoxide ROS production (34) . The nucleolytic profile of these di-Cu 2+ AMNs are also enhanced relative to Cu-Phen with both complexes cleaving supercoiled DNA without added reductant.
In this contribution we report the rational design of a new di-Cu 2+ AMN, [Cu 2 (tetra-(2-pyridyl)-NMenaphthalene)Cl 4 ] (Cu 2 TPNap). Our strategy for designing this synthetic nuclease stems from successful applications of poly-pyridyl ligand scaffolds in Cu 2+ and Zn 2+ AMNs. But instead of bridging bi-metallic centres with a short alkylamino-based linker--commonly employed in polynuclear cleavage agents--we opted to use a rigid aromatic naphthalene linker to facilitate di-Cu 2+ phosphate interactions across the major groove of double stranded DNA. Additionally, we wanted to probe if secondary interactions such as intercalation by the bridging naphthalene moiety were possible and might augment DNA recognition. Herein we report Cu 2 TPNap has excellent DNA binding affinity in the order of ∼10 7 M(bp) −1 , has exclusive major groove targeting properties, and cleaves DNA through a 'self-activating' superoxide-mediated process.
MATERIALS AND METHODS
CuCl 2 , 2,7-bis(bromomethyl)naphthalene, sodium sulphate and potassium carbonate were purchased from TCI Europe and used without further purification. Bis(2-pyridylmethyl)amine was synthesized as previously reported (35) . Deuterated chloroform was obtained from Apollo Scientific.
1 H NMR spectra were recorded on Jeol ECX-400 and Varian 500 AR spectrometers at room temperature and all chemical shifts are relative to the residual solvent peak. ESI Mass Spectra were recorded on a Waters LCT Premier XE Spectrometer in positive mode. Microanalysis (C, H and N) was carried out using a Perkin Elmer 2400 series II analyzer. UV-Vis spectra were recorded on a Jasco UV-Vis spectrophotometer in phosphate buffer (pH 6.8). Emission experiments were conducted on a Shimadzu RF-5301 spectrofluorometer at room temperature. Thermal melting analysis was conducted on an Agilent Cary 100 dual beam spectrophotometer equipped with a 6 × 6 Peltier multicell system with temperature controller. Circular dichroism spectra were recorded on an Applied PhotoPhysics Chirascan Plus. Fluorescence spectra were recorded on a Perkin Elmer LC55. Calf thymus DNA was purchased from Invitrogen (15633019) while DNA from salmon testes (D1626) and synthetic alternating co-polymers (poly[d(A-T) 2 ] (P0883) and poly[d(G-C) 2 ] (P9389)) were obtained from Sigma Aldrich Ireland.
Preparation of ligand and metal complex

2,7-Di(aminomethyl)-N,N,N',N'-tetra-(2-pyridylmethyl)naphthalene
(TPNap). 2,7-bis(brom omethyl)naphthalene (0.300 g, 0.955 mmol) was dissolved in acetonitrile and added to an acetonitrile solution containing bis-(2-pyridylmethyl)-amine (0.380 g, 1.9 mmol) and potassium carbonate (0.395 g, 2.86 mmol). The suspension was stirred at room temperature for 3 days and filtered. The solution was then evaporated to dryness, the residue was dissolved in ethyl acetate and washed with water and brine. The organic layer was dried over anhydrous sodium sulphate. Evaporation under vacuum gave a white solid that was purified by column chromatography (silica gel, chloroform/methanol, 9:1). Yield: 0.361 g (68.7%). 1 
DNA Binding experiments
Competitive ethidium bromide displacement assay. The DNA binding affinity of the title complex was studied in triplicate on ctDNA and synthetic alternating copolymers Viscosity studies. Experiments were conducted using DV-II-Programmable Digital Viscometer equipped with Enhanced Brookfield UL Adapter at room temperature (∼20
• C) by gradually increasing the [compound/DNA] ratios from 0.02 to 0.20 as reported previously (36) .
Thermal melting studies. Briefly, the concentrations of varying polymers of DNA were determined by measuring absorption intensity at 260 nm using suitable molar extinction coefficients and salt buffered conditions (15, 37) . Prior to commencing the thermal melting study, Cu 2 TPNap (r = 0.1) was incubated with DNA for 10 min at 25
• C to allow for drug-DNA binding to occur. Melting curves were recorded by monitoring changes in absorbance at 260 nm as a function of temperature from 25 to 95
• C. The study was conducted in triplicate and T M values were determined from the midpoint of the melting curve or in the case of poly[d(G-C) 2 ], by the maxima of the first derivative. (38) . The hydrolysis rate of BDNPP was measured by monitoring the increase in visible absorbance at 400 nm due to the release of the 2,4-dinitrophenolate anions. Metal complex solutions were buffered with 50 mM PIPBS (pH 3.5-5), MES (pH 5-6.7), HEPES (pH 6.8-8.5) and CHES (pH 8.5-11.0). The ionic strength was maintained at 0.1 M with KNO 3 . Rate constants were obtained by the initial rate method (<5% conversion). The concentration of 2,4-dinitrophenolate was calculated from the extinction coefficient (12 100 M −1 cm −1 ). The concentrations were corrected for the degree of ionization of 2,4-dinitrophenol at the respective pH value using pK a (2,4-dinitrophenol) = 4.0 (39). In a typical experiment 15 l of a freshly prepared BDNPP stock solution (5 mM in DMSO) was added to a solution of the metal complex (1.5 ml, 0.25-5 mM) at 40
• C. Cleavage rates have been corrected for the spontaneous hydrolysis of the substrate (40) .
DNA damage studies
DNA cleavage studies. Reactions were carried out according to the literature procedure reported by Kellett et al. with minor changes (41) . DNA-complex incubation was carried out at 37
• C for 1 h in the absence of exogenous reductant. Samples were loaded onto an agarose gel (1.2%) and electrophoresis was completed at 70 V for 1 h in 1× TAE buffer. Gels were visualized and photographed on a UVP laboratory products Epi Chemis II Darkroom transilluminator.
Hydrolytic DNA damage investigation using T4 ligase. Reactions were adapted from the literature procedure reported by Prisecaru et al. (41) . 800 ng pUC19 was initially treated with 60 M of Cu 2 TPNap in the presence of 25 mM NaCl for 5 h at 37
• C. Control linear (LC) DNA was obtained through the treatment of 400 ng of pUC19 with type II restriction endonuclease EcoRI (NEB, R0101S) for 1 h at 37
• C followed by heat denaturation for 20 min at 65
• C. Gel electrophoresis was carried out and linear DNA (LC) bands were excised, purified and eluted in 30 l nuclease free H 2 O using QIAquick PCR purification Kit (Qiagen, 28104). Purified DNA was incubated with 2 l T4 DNA Ligase (NEB, M0202S) and 3 l of T4 DNA Ligase Reaction Buffer (10×) in an ice bath overnight and slowly brought to room temperature.
DNA alkylation inhibition investigation--Melphalan assay.
This assay was adapted from the literature procedures previously reported by Wang et al. and Farrell et al. (42, 43) . The pBR322 vector (4361 bp) was selected and a set of primers (Forward: 5 -GCTGCAAAACGTCTGCGACC-3 and reverse: 5 -CGCATCAGGCGCTCTTCCGC-3 ) were designed to generate an amplicon containing 798 bp (54% GC content). The fragment was generated by carrying out PCR (35 cycles) with 1 ng of pUC19 plasmid with 2× MyTaq Red Mix (Bioline) and identified using gel electrophoresis with a 1 Kb DNA ladder (Fermentas) as control. 400 ng of the fragment was then incubated with 0.10, 0.25 and 0.50 mM Cu 2 TPNap for 30 min at 37
• C. The complex-DNA solution was then exposed to 5 M of melphalan for 30 min at 37
• C followed by DNA heat denaturation for 15 min at 90
• C. 2 l of a 1 M piperidine solution was then added and incubated for 1 h at 90
• C. Control experiments were conducted with 400 ng of DNA exposed to 0.05, 0.10, 0.25 and 0.50 mM of netropsin under identical conditions. 2 ] in the presence of Cu 2 TPNap. This assay was adapted from a procedure previously reported by Farrell et al. (37) . Stocks of mithramycin A (Sigma Aldrich, M6891, ε 400 = 10 000 M −1 cm −1 ) and poly[d(G-C) 2 ] (ε 254 = 8400 M −1 cm −1 ) were prepared in DMF and NF H 2 O respectively and concentrations were determined spectrophotometrically. A 100 M solution of poly[d(G-C) 2 ] in 10 mM PO 4 3− , 50 mM NaCl and 10 mM MgCl 2 (pH 7.4) was incubated for 15 minutes at RT in the dark with Cu 2 TPNap at a ratio of 0.10 drug/nucleotide. Varying amounts of mithramycin A (r = 0-0.25) were then added to complex treated and complex untreated poly[d(G-C) 2 ] solutions and allowed to incubate in the dark for 5 minutes prior to analysis. Emission spectra were recorded in the range 525 -625 nm with an excitation wavelength of 470 nm to avoid photodegradation (excitation slit: 2.5 nm/emission slit: 5 nm). Triplicate values were recorded and all data was analysed at 550 nm.
Competitive binding of mithramycin A with poly[d(G-C)
DNA cleavage in the presence of ROS scavengers. Reactions were adapted from a literature procedure recently reported by this group (44) . To a final volume of 20 l, 80 mM HEPES (pH 7.2), 25 mM NaCl and 400 ng pUC19 DNA were treated with 5, 10, 20 and 40 M of Cu 2 TPNap in the presence of ROS scavengers; dimethylsulfoxide (DMSO, 10%), 4,5-dihydroxy-1,3-benzenedisulfonic acid (Tiron, 10 mM), pyruvate (10 mM) and sodium azide (NaN 3 , 10 mM). Reactions were incubated for 1 h at 37
• C and subjected to electrophoresis.
HT Quantitation of 8-oxo-dG.
Quantitation of 8-oxo-dG lesions present in 3000 ng pUC19 plasmid DNA preincubated for 30 min with Cu 2 TPNap (40 and 60 M) and 1 mM of Na-L-ascorbate at 37
• C was achieved utilizing a high throughput 8-oxo-dG ELISA kit (Trevigen) and performed as per manufacturer's guidelines. Experimental procedure was carried out in triplicate as previously reported by Molphy et al. (44) .
DNA cleavage of single stranded M13mp18 DNA. Briefly, cleavage reactions were conducted on 400 ng single stranded M13mp18 plasmid DNA (7249 bp, NEB, N4040S) in the presence of 25 mM NaCl and exposed to increasing concentrations of Cu 2 TPNap (5, 10, 20, 40 M) for 30 min at 37
• C and subjected to gel electrophoresis on a 0.8% agarose gel at 60 V for 70 min. EcoRI was chosen as a control due to its restriction site at 6230 bp on the circular vector.
Pre-associative molecular docking studies. The dockings of the di-copper complex with chosen DNA fragments were modelled using AutoDock (Version 4. 2+ were calculated using molecular mechanics methods (UFF) as implemented in Gaussian 09 (Revision E.01) (47) . In each docking the search space encompassed the entire receptor which was treated as a rigid structure. The docking calculations used the Lamarcian Genetic Algorithm (48) . The docking studies provided an initial ligand acceptor structure for the 2ANA-[Cu 2 (tetra-(2-pyridyl)-naphthalene)Cl 4 ] interaction, and this was then used as a starting geometry for further optimization using the ONIOM approach as implemented in the Gaussian 16 program suite (Revision B.01) (49) (50) (51) (52) (53) (54) . In these calculations the ANA fragment was treated at a low level of theory i.e. Molecular Mechanics MM (47) while the copper complex was modelled using the B3LYP hybrid DFT functional (55, 56) and the LanL2DZ basis set (57) .
RESULTS AND DISCUSSION
Preparation of the di-copper(II) complex
The tetra-(2-pyridyl)-NMe-naphthalene (TPNap) ligand was generated by the addition of two equivalents of bis-(2-pyridylmethyl)-amine to a solution of 2,7-bis-(bromomethyl)-naphthalene in acetonitrile containing excess potassium carbonate. Subsequent treatment by CuCl 2 in methanol generated Cu 2 TPNap (Figure 2A ) from which crystals suitable for X-ray analysis were grown upon slow evaporation of acetonitrile at room temperature (Figure 2B) . Each copper atom in Cu 2 TPNap is five-coordinate with an N 3 Cl 2 donor set. The coordination geometry is best described as distorted square pyramidal with a chloride anion occupying the apical position (see Supplementary S-1 for full crystallographic data). The N-Cu-N and Cl-Cu-Cl bite angles are 80.80 (9) • and 105.71(3)
• respectively, with the naphthalene scaffold holding the two metal centres 8.9Å apart ( Figure 2B and C). There are four torsional degrees of freedom in the complex centered about the methyl groups connecting the metal-coordinated tertiary amine and naphthalene rings (C11 and C24 in Figure 2C ). Rotation about the methylamine bonds to their maximum dihedral angle (180 • ) in Cu1/N1/C11/C1 and Cu2/N4/C24/C8 sets is shown in Figure 2D and separates the inter-metal distance by ∼12Å. Further rotation about the methyl-naphthalene bonds, where N1/C11/C1/C2 and N4/C24/C8/C7 dihedrals are opened to 180
• , yielded a maximal distance between the copper centres of ∼13.3Å ( Figure 2E ).
DNA binding studies involving fluorescence, absorbance, and thermal melting
The DNA binding constant of Cu 2 TPNap was determined using high-throughput saturation binding analysis with the fluorogenic intercalator ethidium bromide (EtBr) and a selection of duplex DNA polymers ( Figure 3A) (15) . Cu 2 TPNap was found to quench saturated EtBr bound DNA polymers without adenine-thymine (A-T) specificity and displaced both limited bound EtBr (intercalator) and Hoechst 33258 (minor groove binder) from ctDNA with similar affinity (Supplementary S-2). In order to help classify the binding interaction with DNA, viscosity experiments with double stranded salmon testes DNA (stDNA) were employed ( Figure 3B) . Here, the complex was identified to condense DNA with a significant reduction in the hydrodynamic profile that contrasted with the classical intercalator EtBr where DNA underwent unwinding and lengthening. In an effort to delineate Cu 2 TPNap from the classical intercalator EtBr further, topoisomerase I unwinding experiments with pUC19 DNA showed no evidence of intercalation over a tested concentration range where EtBr is fully active (data not shown). Following this observation, UV melting (T M ) experiments were conducted ( Figure 3C ) using identical DNA polymers to those employed in the EtBr displacement study ( Figure  3D ). Interestingly, no stabilization of ctDNA or poly[d(A-T) 2 ] was afforded by Cu 2 TPNap but the complex was found to destabilize poly[d(G-C) 2 ]. Here, a biphasic thermal melting profile was observed with the first derivative (d 1 ) melting at a highly negative value of -18.5 ± 1.2
• C, and the second (d 2 ) at -1.5 ± 1.2 • C ( Figure 3C ). These results depart substantially from classical non-covalent minor groove and intercalating agents netropsin and actinomycin D (15) . Additionally, we conducted a parallel study with the major groove binder methyl green where stabilization of +5.2
• C was observed with poly[d(G-C) 2 ] (Supplementary S-2 ).
Circular dichroism analysis
To probe drug-induced conformational changes within duplex DNA, circular dichroism (CD) spectroscopy studies were undertaken. DNA polymers were monitored at 220 nm (hydrogen bonding), 246 nm (handedness/helicity) and 276 nm (base pair stacking) in the presence of Cu 2 TPNap and compared to methyl green (MG; major groove binder), netropsin (Net; minor groove binding) and EtBr (intercalator). Cu 2 TPNap induced broadly similar spectral changes to stDNA as MG ( Figure 4A ) where an increase in hydrogen bond distance linking individual base pairs (220 nm) and negligible base pair stacking interactions (276 nm) were observed ( Figure 4B ). Differences between Cu 2 TPNap and MG did arise at 246 nm however, where an increase in ellipticity was observed. This result points toward the complex perturbing the secondary DNA structure with an associated loss of helicity. Interestingly, the complex induced almost identical CD changes in poly[d(G-C) 2 ] as MG with increased ellipticity at 210 nm and no appreciable changes at both 246 and 276 nm ( Figure 4C ). This interaction was quite different to EtBr, which altered the spectra in line with its propensity to intercalate ( Figure 4C) . Furthermore, the binding interaction of 
Melphalan protection and mithramycin A competition assays
To help establish the major groove as the recognition site of Cu 2 TPNap, two indirect assays were selected. In the first case, a melphalan protection assay was employed. The labile chlorine leaving groups in melphalan facilitate nucleophilic attack of nitrogen to form the imminium ion creating a strained ring system (aziridine ion) which readily undergoes alkylation to firstly form a mono-alkylated adduct. This process can be repeated to form a di-alkylated adduct which results in DNA crosslinking between two complementary strands (interstrand, Figure 5A ) or within a single DNA strand (intrastrand). Melphalan can alkylate to both guanine N7 (major groove) and adenine N3 (minor groove) pro- ducing thermolabile sites which are visualized by gel electrophoresis as DNA cleavage upon treatment with piperidine (42, 43, 58, 59) . The presence of ligands with a strong minor groove binding capacity (e.g. distamycin) is known to protect the minor groove binding sites from the effects of alkylation. To identify if Cu 2 TPNap could offer protection to the minor groove in a similar manner as netropsin ( Figure 5B )--used here as a control--an oligonucleotide fragment of 798 bp was generated by the polymerase chain reaction (PCR) containing 54% GC content along with four CpG islands. The amplicon was exposed to melphalan and heat-treated with piperidine to promote thermolabile DNA fragmentation ( Figure 5C, lane 5) . Pre-exposure of this oligomer to netropsin (0.05-0.5 mM) resulted in concentration-dependent protection of the oligomer (Figure 5C lanes 6-9) . Cu 2 TPNap was found to offer no protection to the oligonucleotide across the same concentration range, which potentially supports the major groove as the recognition site for this complex ( Figure 5C, lanes 10-12) . To further establish the major groove as the recognition site, a second assay involving the use of mithramycin A (MithA) was employed. This agent is an aureolic acid-type antibiotic produced by several streptomycete species and is composed of a tricyclic aromatic polyketide core moiety bound to two oligosaccharide chains (60) . In the presence of bivalent cations such as Mg 2+ , sequence selective DNA binding by the MithA dimer is attributed to direct hydrogen bonding between the OH-8 group of the antibiotic and the 2 amino group of guanine at GpG (or CpC) sites, while the saccharide chains of MithA wrap the minor groove (61) (62) (63) (64) (65) . Since MithA binds the minor groove of G-C rich sequences, we employed this molecule as a competitive flu- 
Preassociative docking studies
Given the thermal melting and CD results observed with poly[d(G-C) 2 ], together with evidence of selective major groove recognition, a pre-associative docking study was undertaken with the 8-mer d(GGGGCCCC) 2 (PDB: 2ANA), which was initially treated as a rigid receptor. This sequence is a good model for poly[d(G-C) 2 ] as it contains a wide shallow minor groove and a deep major groove approximated at 12.6Å wide (46) . The neutral Cu 2 TPNap complex was identified to dock into the major groove with one Cu(II) ion coordinating to a phosphate oxygen atom at the second GpG step ( Figure 6A , Movie S1). The Cu•••O(P) contact is 3.2Å long and the complex adopts a trans configuration about the naphthalene ring which orientates parallel to the bases of the GpC step ( Figure 6B ). In the dication, where the removal of a bound chloride ion from each metal centre was simulated, the complex is also in a trans configuration (Movie S2) but this time the naphthalene ring is orthogonal to the DNA bases ( Figure 6C ) with the same Cu(II) ion coordinated to the second GpG step with a longer Cu•••O(P) contact (3.6Å). A spacefilling model of the docked Cu 2 TPNap complex is shown in Figure 6D and provides additional support to earlier CD analysis for the complex being well matched to the major groove of the d(GGGGCCCC) 2 oligomer. In terms of complex geometry, docking of the neutral Cu 2 TPNap complex results in an inter-metal copper(II) distance of 9.8Å while the dication inter-metal distance was shorter at 8.9Å ( Figure 6E ).
To further describe the binding interaction of Cu 2 TPNap with 2ANA and to help probe the stability of the adduct DNA-metal complex, a two-level ONIOM calculation was undertaken. In this calculation, the copper complex was treated at a high level of theory, namely B3LYP/LanL2DZ while the 2ANA sequence was optimized using a low level UFF molecular mechanics approach. The d(GGGGCCCC) 2 sequence was allowed to relax about the di-Cu 2+ complex and the optimization steps showed the collapse of 2ANA around the complex. These optimization steps are shown in Movie S3. In the relaxed structure, Watson-Crick pairing is ablated and the double helical structure is no longer evident, with both nucleic acid chains winding around the complex ( Figure 6F ). Broad support for this interaction can be found from UV melting and viscosity experiments where significant destabilization of poly[d(G-C) 2 ] along with condensation of salmon testes dsDNA fibres were identified.
Artificial chemical nuclease activity
To identify Cu 2 TPNap-mediated phosphodiesterase activity, hydrolysis of the model substrate bis-(2,4-nitrophenyl)-phosphate (BDNPP) was examined. The hydrolysis rate of BDNPP with the complex was measured spectropho- ide or reductant) with stepwise conversion of single-strand to double-strand breaks ( Figure 7D ) supporting DSB formation from two independent nicking events (66). Since Cu 2 TPNap displayed self-activating cleavage properties and efficiently hydrolysed BDNPP, it was important to explore the nature of DNA excision. Hydrolytic and oxidative DNA damage can be distinguished through the use of T4 DNA ligase--an enzyme that catalyses the religation of hydrolytically cleaved DNA duplexes via phosphodiester bond formation (67) . Linear plasmid DNA restricted by Cu 2 TPNap in the absence of reductant (Supplementary S-2) was excised from agarose, purified, and then treated with T4 DNA ligase. Control experiments were conducted in parallel using the type II restriction endonuclease EcoRI, which has one recognition site on the pUC19 vector ( Figure 7E 
Oxidative DNA damage mechanism
To identify ROS species involved in the DNA damage process, AMN activity by Cu 2 TPNap was investigated (again in the absence of added reductant) using a variety of free radical scavengers: DMSO (hydroxyl radical); tiron (superoxide); pyruvate (hydrogen peroxide); and sodium azide (singlet oxygen). Results show the oxidation mechanism is dependent on superoxide (O 2
•− ) production as DNA damage was completely inhibited in the presence of tiron (Figure 8A, lanes 10-13) . Hydrogen peroxide (H 2 O 2 ) is also involved in the cleavage process as pyruvate substantially impeded DNA oxidation ( Figure 8A, lanes 14-17) . In contrast, the hydroxyl radical (
• OH) and singlet oxygen ( 1 O 2 ) were involved to a minor extent only in the Cu 2 TPNap DNA degradation pathway ( Figure 8A , lanes 6-9 and lanes 
To shed further light on the DNA oxidation pathway, an enzyme-linked immunosorbent assay (ELISA) for the quantitation of 8-oxo-dG lesions was employed. 8-oxo-dG is an important marker for identifying diffusible hydroxyl radicals, which are known to preferentially attack guanosine (2,69) and previous studies have established correlation between DNA oxidation by copper bis-1,10-phenanthroline complexes and 8-oxo-dG formation (44, 70) . In this study, pUC19 DNA exposed to Cu 2 TPNap in the presence of added reductant (used to accelerate DNA oxidation, cf. Supplementary S-2) produced negligible 8-oxo-dG lesions (<13 nM) whereas >100 nM of 8-oxo-dG was generated by lower concentrations of Cu-Phen and Cu-Terph ( Figure 8B ).
Further analysis showed the metal chelating agent EDTA to inhibit DNA damage by Cu 2 TPNap, while the presence of the copper(I) chelator neocuproine--known to impede Cu-Phen mediated DNA damage--had no inhibitory effects (Supplementary S-2). Finally, and in an effort to delineate Cu 2 TPNap-mediated DNA damage activity from CuPhen systems further, the nuclease activity towards single stranded DNA was examined. Here, Cu 2 TPNap (40 M) was found to completely degrade single stranded M13mp18 plasmid DNA in the absence of exogenous reductant over a 30 min window ( Figure 8C ). Overall, these results contrast with copper phenanthroline systems that are reported to oxidize duplex DNA in the minor groove only (68) .
CONCLUSION
The development of synthetic chemical nucleases is an important research avenue for discovering new DNAdamaging drugs and uncovering new tools for genome editing. Several chemical nucleases, particularly those containing Zn 2+ and Cu 2+ cations, have employed pyridyl ligands to anchor and orient metal ions toward nucleic acid substrates to promote efficient cleavage (31) (32) (33) 71) . For example, Williams and co-workers developed a diZn 2+ tetra-2-aminopyridine complex (di-Zn-AmPy 4 ) where the metal centres were stabilized by a short propan-2-ol bridge (28) . This complex showed efficient Lewis acid activation and phosphodiester hydrolysis of 2-hydroxypropyl 4-nitrophenyl phosphate (HPNPP)--a model system for RNA-like phosphodiesters. Tetra-2-pyridine was also used in several DNA targeted di-Cu 2+ complexes with aminobenzyl (72) or aminomethyl-naphthalene (73) bridges. The DNA binding properties of these complexes suggests partial intercalation or unwinding effects and although effective oxidative DNA damaging properties were observed, cleavage did not occur in the absence of exogenous reagents.
This study reports a new di-Cu 2+ metallonuclease,
[Cu 2 (tetra-(2-pyridyl)-NMe-naphthalene)Cl 4 ] (Cu 2 TPNap), which incorporates a poly-pyridine ligand scaffold. The complex contains a rigid aromatic naphthalene linker to facilitate di-Cu 2+ interstrand phosphate interactions--enabled by tortional flexibility about the aminomethyl (NMe) bonds--across the major groove of duplex DNA. The agent is a high affinity DNA binder and appears to be incorporated, non-intercalatively, in the major groove of duplex DNA with circular dichroism analysis supporting a major groove binding profile analogous to the classical major groove binder methyl green (MG). Indeed, MG contains three phenyl rings arranged in a propeller-like conformation and is excluded from binding the poly(dA)•2poly(dT) triplex, unlike cationic minor groove binders DAPI, Hoechst 33258 and netropsin that primarily interact with the walls and floor of the narrow minor groove (74) . From a structural perspective, therefore, MG and Cu 2 TPNap both contain non-coplanar aromatic conformations that render classical intercalation difficult to conceive (74, 75) .
Direct comparisons between Cu 2 TPNap and netropsin in the melphalan protection assay found no minor groovecomplex binding interactions and this result, combined with CD analysis and a lack of inhibition to mithramycin A binding in poly[d(G-C) 2 ], suggests metal complex residency in the major groove. The binding of metal complexes exclusively in the major groove is rare with the exception of di-iron(II) supramolecular helicates developed by Hannon and co-workers (76, 77) . These helicates, of general formula [Fe 2 L 3 ]Cl 4 , bind the major groove of B-DNA and stabilize three-way DNA junctions due to their matching optimum conformation and high cationic (4+) charge (78) . Nevertheless, Cu 2 TPNap appears to have distinct major groove binding properties that were corroborated by molecular docking studies with the 8-mer d(GGGGCCCC) 2 (PDB: 2ANA). In these studies the complex was selectively incorporated in the major groove with one Cu(II) ion coordinating a phosphate oxygen atom (Cu•••O(P)) at the second GpG step. A combination of molecular mechanics methods and DFT calculations then revealed the 8-mer d(GGGGCCCC) 2 fragment to collapse about the complex and this interaction is supported by UV melting experiments with poly[d(G-C) 2 ].
Cu 2 TPNap is an efficient chemical nuclease capable of producing single strand breaks in the absence of added reductant. While the complex is capable of hydrolysing the model phosphodiester substrate bis-(2,4-nitrophenyl)-phosphate (BDNPP), oxidative DNA damage was identified in plasmid pUC19 DNA by the application of T4 DNA ligase. Free radical trapping species then implicated superoxide and hydrogen peroxide as mediators of oxidative damage with the involvement of diffusible free radicals (such as the hydroxyl radical or singlet oxygen) precluded since negligible 8-oxo-dG lesions were detected. In this regard, DNA oxidation by Cu 2 TPNap is similar to several di-and tri-Cu 2+ state-of-the-art systems reported by Karlin and Rokita (32, 79) that differ from copper phenanthroline systems where 8-oxo-dG lesions are produced (7, 44, 80) . Overall, this work represents an important advancement toward the development of new artificial chemical nucleases that exclusively target the major groove of duplex DNA.
